Background: Bioimpedance analysis (BIA) is a fast and convenient field technique for estimation of total body fat-free mass (FFM). However, bioimpedance-based prediction equations have been developed in predominantly white populations and little information is available on their usefulness in Asian Indian populations. Objective: To develop a prediction equation for FFM based on BIA measurements applicable to a migrant population of Asian Indians and to investigate the predictive accuracy of published BIA-based equations in this ethnic group. Design: FFM was measured by dual-energy X-ray absorptiometry in 211 healthy adults (110 men, 101 women; age ranges 19-74 year) of Asian Indian ethnicity and used as the reference measure to develop prediction equations based on single-frequency BIA measurements of resistance and reactance. A cross-validation technique was applied. Predictive accuracy of published BIAbased equations was assessed in this sample. Results: Sex-specific equations developed in the entire group included height 2 /resistance and body weight as predictors (R 2 ¼ 0.84 and 0.70 and standard errors of estimate of 2.8 and 2.0 kg for males and females, respectively; CV: 6%). Of published equations examined, one predicted FFM satisfactorily in men with nonsignificant bias and may be applicable to Asian Indian populations. None of the published equations tested performed satisfactorily in women. Conclusions: Bioimpedance-based equations for predicting FFM developed specifically in Asian Indians are recommended for field studies designed to measure body composition of this ethnic group.
Introduction
Bioimpedance analysis (BIA) is a widely used technique for estimation of body composition. Its ease of use and costeffectiveness render it suitable for large-scale studies. However, this methodology relies on prediction models for estimation of fat-free mass (FFM) which have been validated against accepted reference measurements of FFM. Many such models have appeared in the literature and have been described in several reviews. 1, 2 Very few have been developed in other than white populations. Their validity is questionable when applied to populations other than those in which they were generated because of the inter-population differences in aspects of body composition that are known to exist. 3 For instance, prediction equations developed in predominantly white populations were more valid for white populations that for black populations. 4 A number of studies have shown that migrant Asian Indians differ markedly from white populations in their body size-body fat relationship with substantially higher body fat percentages seen in the former at similar body mass index (BMI) values. 5 BIA models derived in white populations need to be validated for use in Asian Indians. To date, such validation studies have not been carried out in the migrant populations. In indigenous Indian populations, Kuriyan et al 6 found significant bias between FFM measured by hydrodensitometry and estimated using a BIA equation developed in a Western population, while Bhat et al 7 found
the difference between FFM derived by deuterium dilution and predicted using a Caucasian-based BIA equation was strongly correlated with the average FFM. The aims of this study were (1) to develop a prediction equation for FFM based on single-frequency BIA measurements applicable to male and female Asian and Fijian Indians living in New Zealand and (2) to investigate the predictive accuracy of selected published BIA-based equations in this ethnic group.
Subjects and methods

Subjects
Asian and Fijian Indian participants were recruited from the community by advertisement and personal contact with community groups. Ethnicity was by self-identification. A non-random purposive sampling approach was used to enrol 20 men and 20 women in each decade from 20 to 60 þ years. People who were diabetic, pregnant, on medications affecting weight, or doing weight training more than once a week or who had lived in New Zealand less than 1 year were excluded. The study protocol was explained to the participants and informed, written consent obtained. Ethical approval was obtained from the Auckland Ethics Committee. Subjects fasted overnight and voided before undergoing measurements at the Body Composition Laboratory in the Department of Surgery.
Anthropometry
Body weight was measured on a beam balance to 70.1 kg. (Avery, Birmingham, UK), with subjects in light clothing. A note was made of each person's items of dress and a correction was made from a table of actual weights of similar clothing. Height and sitting height were measured with a stadiometer to 70.1 cm.
Dual-energy X-ray absorptiometry
Body composition (total body fat, fat-free soft tissue and bone mineral content) was measured using a single dualenergy X-ray absorptiometry (DXA) machine (GE-Lunar Model DPX þ with software version 3.6y, Lunar Radiation Corp., Madison, WI, USA). FFM was calculated as the sum of fat-free soft tissue and bone mineral content. Percent body fat was calculated as 100 Â fat mass/(fat mass þ FFM).
Bioimpedance analysis
Resistance (R) and reactance (X) were determined using single-frequency (50 kHz) bioimpedance analysis (Model BIM4; Impedimed, Capalaba, Australia) using a tetrapolar arrangement of self-adhesive electrodes (Red Dot 2330, 3M Healthcare, St Paul, MN, USA) after the subject had been lying still in a supine position for at least 15 min. Arms were near but not touching the body and the legs were abducted for these measurements. The skin of the right hand and foot was swabbed with 70% alcohol before the electrodes were placed. Source electrodes were placed on the dorsal surface of the foot over the distal portion of the second metatarsal, and on the hand on the distal portion of the second metacarpal. Sensing electrodes were placed at the anterior ankle between the tibial and fibular malleoli and at the posterior wrist between the styloid processes of the radius and ulna. The average of repeated measurements of R and X agreeing to within 1 O of each other was used in subsequent analyses. Impedance (Z) was derived from the relation
Published prediction equations Single-frequency (50 kHz) BIA-based equations for the prediction of FFM in adults were tested in our Asian Indian sample. Equations were selected which are in wide use [8] [9] [10] /R, R, X, sex (dummy coded with women ¼ 0 and men ¼ 1), and age. These equations were developed on 2 3 of the total sample selected randomly (development sample) with the remaining 1 3 (validation sample) used for crossvalidation. Equality of the regression slopes for men and women were tested for statistical significance by testing the addition of an interaction term consisting of the product of sex and the independent variable. Separate equations were developed for each sex if the slopes were found to differ. If the cross-validation was satisfactory an equation was developed for the entire sample.
Model selection was carried out using 'all-possible-subsets' regression procedures. Mallow's Cp statistic 14 and the values, small SEEs, Cp values close to the number of regressors in the model and minimum SBC indicated optimal models. These equations were examined for the significance of the regression coefficients. A variance inflation factor (VIF) was calculated to assess the stability of each estimated coefficient in the prediction equations. Large VIF values (410) imply considerable inter-relationships (collinearity) among the independent variables and such equations tend to be sample specific. In the simplest case of two independent variables, the VIF is the reciprocal of (1-r 2 ), where r is the coefficient of correlation between the two variables. 16 Pure error, calculated as the square root of the mean of the squared differences between the measured and predicted FFM, was used to assess the accuracy of the predictive equations on cross-validation. This error should be similar to the value of the SEE for the same equation for the group from which it was developed.
Published BIA-based prediction equations (Table 1) were cross-validated on our sample of Indian adults. The performance of each equation was assessed based on the concordance between measured and predicted FFM (concordance correlation coefficient 17 ), the difference between measured and predicted values (bias, tested against zero using paired t-test), the limits of agreement expressed as two standard deviations above and below the bias, 18 the dependency of the bias on the mean of measured and predicted values, 18 and the pure error. The 5% level was chosen for statistical significance.
Results
Two hundred and eleven (110 male, 101 female) adults completed the study. The ethnic composition of the sample was 157 Indian (83 male), six Sri Lankan (four male), 44 Fijian (22 male), two Pakistani (one male) and two Bangladeshi (zero male). Physical characteristics and results of body composition analysis for the subjects grouped by sex and age are shown in Tables 2 and 3 . Men were taller, weighed more, had more FFM and less FM than women (all Po0.001). BMI did not differ significantly between men and women. The total sample was split randomly into groups of 141 (development sample) and 70 (validation sample) to develop prediction equations for FFM based on BIA measurements. Data for the men and women were analysed separately because the regression coefficients of the best-fitting regression lines differed significantly between men and women. The resultant equations obtained by 'all-possible-subsets' regression analysis are shown in Table 4 . The regression models for the development sample for men and women were used to predict FFM in the validation sample (Table 4) . The predicted FFM in the validation group (50.1074.94 kg BIA prediction of fat-free mass in Asian Indians EC Rush et al Tables 6 and 7 for men and women, respectively. For the men, the bias was small and uncorrelated with the mean of measured and predicted FFM values for two equations. 10, 12 While a small bias was observed on average for the Bhat 7 equation, this value was dependent on the FFM. For the women, both the Deurenberg 10 and Kushner 12 equations again yielded low average bias values. However, for both equations, the bias was highly correlated with mean FFM so that at high FFM values the equations overestimated FFM, whereas the reverse was true at low values of FFM. None of the other equations performed satisfactorily.
Discussion
This is the first reported study designed to develop bioimpedance-based equations for predicting FFM in a migrant Asian Indian population and to investigate the applicability of published equations to this group. For the purpose of equation development, our sample of males and females was uniformly distributed in age and covered a wide range of BMI and percent body fat. Our final equations, developed in the whole group, were sex specific in which impedance index (H 2 /R) and weight contributed most to the explained variance. The sex-specific equation of Deurenberg et al, 10 established in a large group of white men and women, performed satisfactorily in the Indian men with small bias (o1 kg) and with pure error of 3.79 kg. While the SEE for this equation when applied only to men was not reported by Deurenberg et al, 10 the pure error that we found compared favourably with that found (3.70 kg) when this equation was applied to data from the Fels Longitudinal Study, 19 essentially a white population. The Kushner et al 12 equation
developed originally for estimation of total body water and used in this study after conversion to FFM slightly underpredicted the measured FFM. The equation developed in Indian men over the age range 29-52 years by Bhat et al 7 appeared to produce a small bias, but this increased at high and low levels of FFM. For the Indian women, none of the equations was entirely satisfactory with the bias being significantly dependent on the average FFM for those equations producing low average bias results. Equations were developed in this study using FFM as the criterion variable, rather than fat mass because of the functional relationship between bioelectrical impedance and the hydrated lean tissue of the body. These equations can be used to calculate total body fat and body fat as a percentage of body weight for each individual. We used DEXA as our reference method for FFM measurement. This avoids the assumptions of a two-compartment model that (white and black) population used a four-compartment model. Both these equations produced substantial bias (2-5 kg) when applied to our sample of Indians and lend support to the suggestion that an ethnic-specific equation is best suited to predict body composition using the bioimpedance approach. The lack of generalizability of equations developed in predominantly white populations to Asian Indian populations is not surprising given the marked differences in body composition between these groups. This is most evident in the relationship between body fat and BMI where, at similar BMI values, Asian Indians have substantially higher percent body fat than their white counterparts. 5, 21 Differences in body build between these groups are, at least in part, responsible. 3 In our Indian sample, BMI ranged between 17
and 40 kg/m 2 and percent body fat between 14 and 57%.
Average body fat was 31% in the men and 43% in the women with average BMI in both groups being 26 kg/m 2 . Only four of the 101 women had a percent body fat less than 30% and 17 of the 111 men had a percent body fat less than 25%.
In summary, we propose a new equation for the prediction of FFM, which is based on easily measured variables and is applicable to male and female Asian Indian populations residing in Western countries. It is applicable over wide age and body fat ranges and is more suitable than BMI for the determination of body fatness in field studies. We found that equations validated principally in Europeans were generally not applicable to this population. BIA prediction of fat-free mass in Asian Indians EC Rush et al
